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SUMMARY

A detailed description is given of a program which has been developed

to study analytically the performance of a UI¥AS Implosion-Driven Shock
Tube. Some results of the computations are presented. These have been
checked experimentally using an existing 8 inch diameter implosion chamber
and a 5/16 inch diameter channel. The experiment.lly measured shock-wave
Mach numbers were much greater than anticipated from the computations. The

. cause of the discrepencies is shown to be largely computational, and reco-
mmendations to improve the calculations are proposed. The experimentally
measured shock Mach nuwibers decrease quite rapidly in the 5/16 incl diameter

. tube, as expectsi. Nevertheless, it was possible to obtain a shock Mach
number M, < 40 in air using only a 600 psi 2H, + 0o gaseous implosion driver,
Much higﬁer shock Mach nunbers are expected wi%h a coupled PETN explosive
driver.

Pt omt oyt
e

[
T ey

T AT e SRR i

iii

PR




it

INTRODUCTION

TASLE OF CONTENTS

THFORETICAL CONSIDERATIONS

2.1 Descripti

2.1.1 Art
2.1.2 Mat
2.1.3 Sta
2.2 Problem o

2.2.1 Ini
2.2.2
2.8

ed

e
¢ J

2.3 Equations

.3.
3.2 Egqu
.3.3 Egu

[AS I AR IN))

2.4 Detonatiol

RESULTS OF THE

5.2 Shock Tub

2.2.1 Gas

3.2.2 Exp
EXPERIMENTAL R
4,1 Eguipment
4.2 Jonizatio
4.3 Verificat
L,u Exrerimen

COMPARISCN BETWEEN THEORETICAL AND EXPERIMENTAL RESULTS

FUTURE WORK

CONCLUSIONS

REFERENCES
FIGURES
APPENDIX - A
APPENDIX - B

on of the Code

ificial Viscosity Technique
hematical Formulation of the Froblem
bility Requirements

f Zoning

tial Zoning

I
Transition between Spherical anJi Pianar Geometry
R

ivision of Long Zones in the Barrel

of Stectce

ation of State for the Explosive
ation of State for Air

1 Equation of Stzte of the Gas Mixture 2H2+ 02

n Scheme

COMPUTATIONS

3.1 The Shock Tube as a Limiting Case of a Hypervelocity
Launcher as the Mass of the Projectile Goes to Zero

e Calculations

Case
losive Case

ESULTS

n Gauge
ion of the Ionization Gauge Technigue
tal Results

~ Sourd Sgeed Relationships
- Program Listing and Flo«# Charts

iv

OO W N NS

10

10

11

12




Rk

o eap YA Y )

1. INTRODUCTION

In order to overcome the current "performance barrier" of Hypervelocity
Launchers, Professor I. I. Glass proposed in 1959 the use of spherical, im-
ploding shock waves. Since then, the Institute for Aerospace Studies has been
actively engaged in this field 1. An Implosion-Driven Hypervelocity Launcher
has been designed and Fig.l illustrates schematically its principle of operation.
A model with an 8 inch diameter hemispherical chamber has been built and
several experimental studies are going on. A numerical model has also been
developed and some previous investigations 2-3 have been concerned with the
computed performance and the optimization of this launcher.

The present preliminary study deals mainly with the computation of the
performance of an implosion-driven shock tube. The primary aim was to study
analytically the limit of a launcher as the mass of the projectile goes to
zerc. Such a study should enable us to place an upper limit on the projectile
velocities that could be attained with this type of hypervelocity launcher.

It was thought also, following the first results, that an implosion-driven
shock tube would be a good facility to obtain extremely high shock-wave Mach
numbers at relatively high channel pressures.

An analytical investigation is presented here and is followed by some
experimental results obtained in a 5/16 iach diameter channel (barrel) with an
8 inch diamet.er hemispherical chamber. This experimental work was aimed at
checking the results of the computations and to obtain an estimate of the
losses, as the numerical code is based on an inviscid, adiabatic flow field.

As it will be seen, the agreement between experimental and computed results
was found to be poor. The reasons for these differences are shown to result
from computational limitations and recommendations for future work on this
subject are given. The actual measured large shock wave attenuation (for
example, using a 600 psi 2H, + O, driver aud a 5/16 inch diameter channel the
shock Mach nuzber decreases Ms ~ 40 to Mg ~ 10 in 70 inches or AM, = 5/ft,see
Fig.21) can be attributed to viscous effects primarily, and will be investigated
in greater detail. The 5/16 inch diameter barrel is not a realistic shuck-tube
channel. Ac noted, it was used to check the limiting case of a massiess pro-
jectile. In future, 1 inch diameter channels will also be utilized for this

study.
2. THEORETICAL CONSIDERATIONS

In this section, a complete description of the program that has been used
in this study and its thegrctical background are given. This code wes developed
irdependently by Piacesi * and Sevray <. It has been used by Sevray to analyze
the operation of the UTIAS Hypervelocity Launcher and tc optimize its perfor-
mance. It was also used with some modifications by Flagg 3 in order to design
a second generation launcher, UTIAS Implosion-Driven Hypervelocity Lhanther ..
Mark II. Although these calculations have been very useful in predicting the
analytical performance of the launcher, the actual experimental performance '
is only of the order of 40% of the ccmputed performance, consequently, it will
be necessary to take account of the effects of radiative, convective, ablative
and frictional losses to make the calculations more realistic.

For the present work, the code has ":aen auopted to handle the shock tube
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case essentially by adding a third region (Fig.2) in front of the diaphragm or
of the projectile, which also permits one to analyze theoretically the influence
of counterpressure on the velocity of the projectile.

2.1 Description of the Code

This numerical code, written in a Lagrangian form, is based upon the
artificial viscosity technique as established by von Neumann and Richtmyer >
to handle shock-wave problems.

The system (Fig.2) is divided into three regions: the explosive PETN, the
gas mixture ZHﬁ + 0, and air, each having its own ecuation of state. Each
region is further divided into zones and mass points, containing one half the
mass of two adjacent zones are assumed to be at the interface of these zones.

2.1.1 Artificial Viscosity Technique

The artificial viscosity is a convenience first introduced by von Neumann
and Richtmyer for the numerical treatment of shock waves. Its effect is similar
to the effect of a real viscosity. It spreads a shock over a specified number
of zones and thus permits one to avoid the treatment of discontinuities running
through discrete mass points, which presents serious difficulties in a finite-
difference scheme. The spread of the shock can be chosen and held small by: the use
of rroper constants. With the constants used in the present calculations, the
shock is actually spread over about 3 zones. The artificial viscosity is res-
tricted to a region which is being compressed and is zero elsewhere. The
original form proposed by von Neumann and Richtmyer was:

2
(cp, 4 x) N | &
Q= - T ® l - (1)
with
Py = initisl density
V = specific volume
Ax = Zone width
C = constant, determining the spread of the shock
or its equivalent form
2
c 2 ou
¢=- § () a;lgl (2)

which is valid only for the planar case, where, u is the flow velocity.

Brode 6

o S g (%1%

wvhere, 5 =1 for a planer case, 6 = 2 for a cylindrical case and b = 3 for a

proposed & mcre general form:
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spherical case; R is the distance from the origin:.”. and A m is the mass (per
steradian, mass/Umr for & = 3; mass per radian unit length, mass/2w & for

b = 2; mass per unit area, mass/£2 for & = 1). Brode's relation depends on
the geometry. Wilkins 7, on the other hand, gives the form corresponding to
6 = 1 as valid for the three geometries. This simpler form was used since a
different form of artificial viscosity in the chamber and in the barrel might
lead to difficulties, as one zone can be half in the chamber and half in the
barrel.

However, the use of the artificial viscosity techniques may be strongly
criticized as it is applied in the region near the origin. In a spherical
geometry, this technique is valid only as long as the shock thickness is small
compared with the radius of the shock and this is not the case near the origin.
From numerous check calculations (Pigs. 3 and 4) it is shown that in the zone
located at the origin, the pressure due to artificial viscosity (Q) takes on
values much larger (up to about 10 times in some cases) than the flow pressure
calculated from the equation of state.

Normally, in a planer moving shock wave Q will be of the order of P. In
the center of the shock near the origin an additional compression due to the
geometry change and the process of reflection takes place, and consequently Q
will take on much higher values. It is in this region where the total pres-
sure (P + Q) is largely due to the contribution of the artificial viscoaity,
that doubts arise whether the : computation by using (P + Q) will give a reason-
able approximation of the correct pressure history that will act as the drivmg
pressure for the shock or on the projectible inside the barrel. A more detail-
ed study of the (-method near the origin would be useful and should bé done.

This does not seem to affect the x-t diagram of the reflection of the im-
ploding shock, but in all cases leads to erroneous values of the pressure at--
the origin and consequently it will have some influence on the Mach number of
the shock, or on the velocity of the projectile in the barrel. For exulp],e,m
fromrig3atx 5 cm, and t = 45.29 u sec, P = 200 bars whereas P + Q = 680
bars, that is, the artificial viscosity pressure is over twice the actual
pressure. Consequently, the equations of motion will be .affected. The de-
tailed plot shown in Fig.3, indicates that in the range 50.5 < t < 58.0 u ‘sec,
QS P Consequently, errors proportional to the magnitude of Q conpared with
the true driving pressure, P, can be expected.

2.1.2 Mathematical Formulation of the Problem

This problem can be described in a Lagrangian form by a set of non-linear
partial differential equations expressing the equations of mass, momentum and
energy, as follows (Ref.6):

S B

Mass: V= %= % % ( 6= 1,2,3) (4)

Momentum: % =-A _agggz (5)

Prergy:  E-- (20) & (6)
3
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= BE(P,V) for gas mixture 2H, + 0,

Equations of state: P = P(E,V) for explosive PETN (7

E = E(P,V) for air

The artificial-viscosity pressure, is restricted to compression only and is
expressed as:

> 2
-(%"-L (g%) ir U <0 (8)

e= &
Q=0 ig U >0 (9)
= >

vhere C is a constant which determines the spreading of the shock and is takea
as C = 1 for gases, hydrogen-oxygen mixture and air, and C = V1.5 for explosive
PELN, which correspouds approximately to a spreading of 3 zones.

This set of non-linear, partial differential equations is then transformed
into a set of finite differences equations., The two independent variables,
time and distance are represented by N and J, corresponding to the number of
the cycle being calculated and the lebel assigned to a mass point. The equations
become:

Conservation of mass is assured since we chose a fixed number of mass
points.

Momentum: 32U = | (P+Q) PQ)., | A'I: 10
omentum: i +Q P (0:*) J+b I (10)

Energ¥: Na N N N1 Ned N1 N
EJ_% = EJ_% - [(J; (PJ_% + PJ_% )+ QJ__% 11 vJ_% - VJ__é_ ] (11)
N N N
5oL ° E(QJ_% s VJ_% ) for gas mixture 2H, + O, or air
N N N (12)
— ,:! r RS Lo v
?J_% = P\uJ_% » Vi1 ) for expiosive PEIN

Artificial viscosity: N+} N+3 2

N+3 u. -U
A -1
Q. = C' -LT Jﬁ& x _2_0 £ U < U (13)

gy * Yoy ]




A" represents the area of a particular interface, where %% is the acce~
leration of that interface. The constant Cl in the artificial”” viscosity is
labelled CQSQX in thi computer program (Appendix B) and is related to C, the
usual constant, as C- = C</4 and m; is the mass of zone J. We note further
that the specific volume V in the computer program is normalized with respect
to the initial density.

It should be noted that this condition based on U to determine if a zone

is being compressed is only valid in a oneedimensional calculation and should

! be replaced by a condition based on the specific volume which is valid in all

. geometries (see equation 3). The solution is then obtained by a stepwise
progression in time from the acceleration of an interface based on the old value
of the pressure. The new velocity and position of the interface can be cal-

. culated. A new specific volume can then be calculated and finally a simul-
taneous solution of the energy equation and the equation of state yields the
new pressure and energy. The calculation can now be repeated for the next time
step, etc. Appendix B gives a complete listing amd a flow chart of this code.

2.1.3 Stability Requirements

The finite differences schemes are subject to mathematical restricticus
which 1imit the size of time increments that can be taken without the appear-
ance of instabilities. In the actual problem, we have two stability conditions:

a) Courant Condition: This condition, which is very general, states only
that the time increment At must be small enough that sound signals from
one mass point will not have time to reach the next mass point during
this time step, Ax

o< T (14)

Py oy
P T Tt 3/ B R o o boornn

where, ¢ is the speed of sound in the zone and Ax its length. Appendix
A gives the detailed relations used for the calculation of the speed of
sound in the various regions.

b) Artificial Viscosity Condition: In the region of compression, where the
artificial-viscosity pressure has a value, the form of the differential
equations changes from a wave equation to a diffusion type equation. It
is shown in Ref.6 that two successive time steps must obey the following

ey

gg relation:

i I VL N+b

| . o | J-5 = 5.3 ] ot 2 < 1 (15)

i Y = = 2
VJ‘é

2.2 Problem of Zoning:

The problem of zoning was previously found 2 as one of the most important
ifficulties of this code and has not yet been solved completely satisfactorily,
as a compromise is necessary between the length of computing time, and the
N precision required. This problem involves in fact a lot of other side problemns:
the transition between the hemispherical geometry of the chamber and the planar
geometry of the barrel; the expansion of the zones as they enter the barrel
resulting in extremely long zones; the computing time which already approaches
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10 minutes on the IBM 7094 compuer in most calculations for the shock tube
case. Any refinement, in zoning will increase this time considerably.

2.2.1 Initial Zoning

We shall first review the requirements for proper zoning. Proper zoning
must lead to a solution of the finite differences equations which is stable
and without oscillations in the values of the different physical variables.
This solution must be independent of the number of zones used in the compu-
tation or at least lead to asymptotic values as the number of zones is increased
This asymptotic solution should be obtained with a reasonatle number of zones
in order to limit the computing time. Finally, this solution should provide
a proper description of the phenomena, particularly of the flow in the barrel.
Zhis effect on the propagation of a shock has been studied recently with this
code by changing the initial zoning which will help us to understand how to
choose a proper zoning scheme.

As & shock meets & noticeable increase in zone mass, some peculiar effects
occur (see for example the oscillations in the trajectory at t = 13 usec and
t = 24 psec in Fig.5). The heavier mass point is slow to accelerate and this
causes an increase in the pressure of the zone located just behind it. This
high pressure now accelerates it too fast, thus causing a decrease in the
pressure of this zone and a decrease in the velocity of the mass point.
Finally the trajectory of the mass point is oscillating around an average lin:
and the same happens to the shock. For an important increase in zone mass,
the shock evan reflects clearly on the heavier zone; a weak shock is reflected
and a strong one is transmitted. If this zone mass were still increased
further, the reflected shock would become the strongest, the transmitted shock
would become smaller and even, as a limiting case, disappear for an infinite
mass which is equivalent to a solid wall. If we hri a large decrease in zone
mass, a strong shock would be transmitted and a rare-f ‘action wave reflected.
As the imploding shock wave reflects from the origin, these phenomena occur
and they cause the oscillations in the calculated pressure. In analyzing
the different possible types of zoning, we shall keep in mind these requirements
and compare how well these zoning schemes fulfil them.

a) Constant Width Zoning: In a planar, one-dimensional code, constant width
zones, which are in that case equivalent to constant mass zones are generally
used with success, The first version of this codz, which was zdapted by
Piacesi © from a planer code, also divided the various regions into equal
width zones. This gave large oscillations in pressure at the time of implosion,
as well as unacceptable differences in performance as various numbers of zones
were used 2. A constant width zoning leads to large differences between the
mass of adjacent zones and this is the reason for the oscillations which app-
ear in the pressure profile around the implosion. The constant width zoning
where the mass retio of the two zones nearest to the origin is equal to 8

was then abandoned and replaced by an equal mass zoning.

b) Constant Mass Zoning: This type of zoning is without any doubt the optimum
one, relative to the disturbances. It gives no oscillations in pressure pro-
files, no spurious shocks reflected from a change in zone mass. But, due to
the size of the zone nearest to the origin (now much larger if the same tolal
nuiber of zones is used: 400 times heavier if 20 zones are us:d), it results
in a lack of detail as 4o what is happenirg in the barrel and consequently




results in a dispersion of the final velocity of the projectile for various
numbers of zones. There were tuen two ways to overcome that difficulty, either
to increase the %otal number of zones at the expense of the computing time, or
try another type of zoning. To increase the number of zones was judged im-
practical, since the computing time is almost proportional to the square of

the number of zones.

¢) Sevray's Zoning: Sevray 2 devised a new zoning scheme in whick he tried

to keep the main features of a constant mass zoning. He divided the gas

regions in three subregions, each being divided into constant mass zones. The
- subregion nearest to the origin has smaller mass zones. This zoning provides
sufficient detail on gas outflow into the barrel and consequently reduces to
a reasonable value the dispersion in the final velocity results as different
numbers of zones are used (Fig.6). This zoning has been used in Bhe calculation
of the performance of the UTFIAS hypervelocity launcher by Sevray ©, and in most
of the calculations of this report. It is seen from Fig.6 that although the
details of the projectile velocity in the barrel differ ss the number of zones
are increased, the final muzzle velocity at x = 160 cm, is close to 1k Km/sec.

d) PFlagg's Zoning: Later, Flagg 3,considering that the differences in mass
from one subregion to the next one would introduce spurious shocks and ex-
pansions, developed a new partition of zone masses, which is based on the
relation

Ax, = b £+ (a-3) (16)

b s & n

z i3 + (n-1)3

where b_ is the width of the gas region, Ax the width of the jth zone and n
the numﬁer of zones in this region.

This type of division first appeared to have many advantages and was
then used in the calculations of the 30 inch diameter launcher3 chamber. With
the same total number of zones, the mass of the zone nearest to the origin is
approximately 10 times smaller than the mass of the same zone in Sevray's
calculation, but still 10 times bigger than in a constant width division. It
is thus providing a very reasonable detail of the flow in the barrel without
slowing down the calculations too much. However, recent investigations have

. shown oscillations in the pressure profiles as well as unreasonably large
differences from the results obtained by Sevray, particularly in the time
scale of the events. These oscillations, important mainly at the time of the

. implosion occur orce again because adjacent zones have very large difference
in mass. With the zoning of Sevray, if we have 20 zones in the pis, the 5
zones near the origin are of the .ame mass; with the same number of zones in
Ylagg's case, these zones vary relatively 4o the corresponding mass in Sevray s
case as 0.10, 0.63, 1.08, 1.55 and 1.85 (a factor of 6 between the two first
zones, a factor of 18 ir the 5 first zones). With this zoning, as the number
of zones is increased, the time of implosion comes near %o the value found ir
Sevray's calculations. (That is the time %o implosion is increased owing to
the cumlative propagation “ime between zones). However, 2t the same time the
instabilities 1n “he pressiure profiles are very much increased, as shown on
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Fig.7 where the szme case (30 inch diameter chamber, ..65 g projectile,

25 kg of PETN and 200 psi 2Hy + Oo ) is represented with different zoning
schemes. This increase in instabilities can be easily explained. The mass
ratio of the two zones closest to the origin can be expressed as

. 3 3 3
Mn-l ) Vn-l i Axn + A}\n-l [, Axn-l [y (n_1)3+—1-
Mn vn an Axn i

(17)

An examination of this rutio shows that it is an increéasing function:of r for
n > 2 varying between 1.95 os n = 2, and 8 as n goes to infinity.

Despite the advantages of this zoning, to obtain a detailed description
of the outflow in the barrel, this type of zoning has to be abandoned as we
do not know the influence of the oscillations in the pressure at the origin
on the final velocity and cannot tolerate such variations on the time of the
implosion.

Another zoning scheme, similar in principle to the one used by Sevray,
has also been developed in order to have smaller zones around the origin.
The gas region is now divided into 7 subregions, each being divided into the
same number of zones. Between each subregion there is a mass ratio of the
order of 2. This permits one to have zones around the origin of the same
size as the central zone in Flagg's zoning, but the fact that the change in
mass is smaller and also far from the origin prevents the oscillations. This
zoning scheme will be used further to show the influence of the mass located
at the origin on the velocity profile of a shock wave propagating along the
barrel.

2.2.2 Transition Between Spherical and Planar Geometry

The treatment of the origin region, i.e., of the transition between
the spherical geometry existing in the chamber and the planar geometry in
the barrel becomes a more and more important factor as the zoning scheme used
give smaller zones arcurd the origin. When the zoning of Sevray is used, we
have only one or two zones located at the same time in the transition region;

. with the finer zoning, previously described, we may have up to about 10 zones

in this region. More care must then be taken how to realize a smooth transi-
tion from the spaerical to the planar flow and the approximate treatment of
Sevray is no longer acceptable in such a case.

It is important to notc that this transition is clearly a two-dimensional
phencmencn and a2 more complex type of code should really be used znd there is
no way to treat it rigorously with a one-dimensional code. Some approximations
have to be made in order to realize this transition in a marner which does not
seriously affect the flow.

In the first version of the code, the flow is considered as hemispheri-
cal upstream from the origin and planar downstream. This led %o many diffi-
culties and disturbances as shown previously in Ref.,2 and was then abandoned.
Sevray made this transition in two discontinuous steps for the area (Fig.8)
but kept the old routine for the calculation of the specific volume. This is
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without conseyuence as .Ong as oOniy one or two zones are in the transition region

tuy if more are inside, it must be avoideé and a smooth transition must be ad-
opted.

Later Flagg 3 developed a continucus trauasition, taking the area as the
one of a spherical segment supported by the bLiarrel circumference and the volumes
as defined by these surfaces., This transition treatment is much superior to
Sevray's treatment, for it is continuous, but it must be noted that many other
continuous transitions could have teen developed and used as well. All ‘hese
solutions have no real physical meaning and are somewhat arbitrary, but the
treatment of 2 two-dimensional phenomenon with a one-dimensional code can be
nothing but approximate arcd only a two~dimensional code can treat it rigorously.
This prcblem is presently being considered at UTIAS,

2.2.3 Redivision of Lorg Zores in the Barrel

The barrel is .f a very small diameter, so that for any reasonable number
of zones, one zone as it expands can occupy a very long distance in the barrel,
thus providing insufficient detail on what is happening in the barrel. To
overccme this problern, Sevray introduced a scheme to split the zone next to the
projectile in two zones of equal mass and pressure, whenever its length was
greater than 3 cx. This scheme was approximate and worked very well as long as
a projectile cuse was calculated. Later, as the shock-tube cases were run, it
led to very big 3Jisturbances and another scheme had to Le found.

To explain why this happened, let us consider the momentum equatior for
the projectile:-

N
4 [(m) (2+Q) ] ", (28)
—— - laa®] 1 \ &
d.t J“2 J+2 é n 1‘_ m 1

3-3" Pprog* = g+l

In the Zenominator of this expression, m is the most important term
and the divisicn by 2 of nm;_ 3, as the zone is df?gaéd, has no serious influence
on the acceleration of the? Scjectile. However, if we now consider a shock
tube case and look again at the denominator of this expression applied at the
interface, we rote that, Moroj. being equal to zero and m;,: being very small,
owing to the iow pressure in %he channel, mg,1 becomes thg+ﬁost important term,
so that dividing r;_L by 2 is almost equivaxeﬁt to multiplying the acceleration
of this interface éyez, thus leading to the disturbances we found. Even 1
these disturbarces damp out, whut their actual influence on the result maybe

is difficult tc evaluate and it is prefersble to avoid thenm.

Another scheme based on a more realistic hypothesis was developed. It
perm:ts a spl.% of any zone in the barrel into two zones of equal mass (and not
only the zone placed just behind the interface) whenever its length increases
toc much. Essentially, this scheme keeps constant the values of the acceleration
c: both toundaries of the zone which will be divided, and that permits one to
assign to each new zone a pressure calculated from the momentum equation. The
specific volumes, rather than being taken equal in both zones, are now calculated
from the pressure assuming a y law relation between pressure and density and an
effective y equal to 1.14 as rentioned by Flagg 7. The energy is then calculated
from pressure ard density using the equation of stute, and the conservation cf
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energy gives the kinetic energy of the new mass point and thus its velocity.

This procedure pe-mitted one to obtain a much better description of the flow in
the barrel, but in consideration of the other limitations of the code and of
the increase in computing time, it was usedronly in a small number of cases

to check its influence. This influence was found to be not important and justi-
fies the fact that it was not used regularly in the calculations.

2.3 Equations of State

Another major difficulty of such calculations is to find appropriate
equations of state for the different materials involved, particularly when the
conditions are extreme as they are in our case where the pressure and temperature
at the origin are ideally infinite at the time of implosion. The three equations
of state that were. uded sre real gus equations of state, but have been used well
beyond their range ot applicability.

2.3.1 Equation of State of the Gas Mixture H2 * 9

It is an extrapoiation of the real gas calculation of Moffatt 10 done by
Brode and programmed by Piacesi. It is expressed as

. 2 -
E = 6.57 x IV + —20520 (PVLI’ -a [0.101x10'31.n P———3- - 0.2325x10"° J
1140.0 + (W) 1.013x10
(19)
where:

a=0 for P < 1.0465
a = 8600 PV-9000 for 1.0465<PV < 3.488
a= 2lx103 for 3.488 < PV

the units are:

10“ bars

P in 10%° erg/cc

E in 10lo erg/g 10“ bar-cc/g.

V in cc/g.

This equation is representative of the 2H2+ 02 mixture in the range:

1600° K < T < 6000° K
0.01 bar < P < 1000 bars

and has been used well beyond these limits in our calculations, since unfort-
unately no calculations are aga%lable for a stoichiometric mixtur§ of hydrogen-
oxygen for temperatures to 10- “K and pressure of the order of 107 bars. How-
ever, it has been shown that at high pressure this equation of state i: closely
equivalent tc a filow with y = 1l.14, which is in good agreement with other

10




3

2 e ramemens e

Y
P Y - - . Py
avaliable calculations

2.5.2 Equation of State for the Explosive

This equation is a numerical fit to the experimental data of a 50%
mixture of PETN and TNT (pentolite) provided ani programmed by Piacesi. It is
written as

P(E, V) =A@y * Bp) B

(20)
where :
- 0.002164p" + 2.0755e = ©-9/P 3
B = 0.35
o o0
v

pc¢ is the initial density and was tzken as Py = 0.58 g/cc. The units are:
P in megabars
E in megabar - c¢/g |

It must be mentioned that both the equation of state for the gas and
the equation of state for the explosive do not give directly the temperature and
in this code we deduce it from the ideal relation W = RT where, R = and
M, the molecular weight. The molecular weight of the mixture varies with the
degrees of dissociation and ionization and is thus a function of the temperature.
For the 2H,+ O; mixture, M was taken as 12 which corresponds to the unreacted
mixture. For the explosive, M was taken as 1, since we did not know the
composition of the products of detonation of pentolite and corrections have to
be made to obtain & reasonable value of the temperature. The temperatures are
thus inaccurate and give only some indications of their variations with time
or position. It is hoped that better calculated temperatures will be obtained
in future calculations, at UTIAS.

2.3.3 Eguation of State for Air

First a perfect gas equation F¥V = RT was used, but later it was found
a more accurate equation would be preferable. An equation of state was then

programmed from an extrapolation of the calculations of Gilmore 12 gone by
Brode

A convenient form to write this equation of state for air is

2 st o At a L eva s o Fukelel RN D, AY

8 = (L)
_ I
L= P ;
-1 b
e= Z— ¢ () (21)
o= u(l ,m) ;
¢ = Ln (1)

11 '

[ Pt el




TR T P

’179-‘&\—4. .

with the non-dimensicnaiized variables

T = P with P =1 atm.
P o
o

_ P ) _ -3

n = 5 with Py = 1.293 10 -~ g/cc.
o

€ = % with E_ = 1960. 0 bar-cc/g.
(o)

_ I . o
8 = T with To = 273.92 K.

o}
we have
s(g) = —22__ , 3 (22)
1000 + ¢ 7500 + 16.5¢
Bo=uo+0.09 (u-k,) & (23)

taking y = 1/4, w, and p, are given by the following relations

_ 25.80u868 y+3 . 860 y(1-y) . 2536 y(1- 41000 y(1- R
Mo = 1 * 778973 y*1 * 3000 y2+L © 9 10% é-? o TR B R AR

_ 6002 y + 4
o= Too0y+ 1 (25)

this equation of state is valid for temperatures up to 24,000 % and was
used almost only in its range of validity.

2.4 Detonation Scheme

In programming the equatims of state for explgsive and for gas mixture
2Hy + 02 the detonation scheme described by Wilkins 1% was used. In each zone,
the burn fraction F defired =s

1 -V
F= 5% (26)
cJ

is calculated and the pressure in the zone is defined as

P=P(E, V) xF (27)
where, V is the specific volume and Vci the Chapman-Jouguet volume. This
burn fraction F is used to spread the detonation front over several zones in

the same manner as the artificial viscosity spreads a shock front over several
zones. The burn calculation is started by setting F = 1 in the zone that

12




corresponds to the point, of initiation of the detciution. When F = 1 for
a zone, then all the chemical energy contained in that zone has been deposited
and F remains equal to 1 thereafler.

It shculg be noted that the caleulations will proceed over several )
zones (Wilkins ' mentions 2 to 3 times the number of zones on which the
artificial viscosity is spread over, i.e., 15 zones approximately in our prob-
lem, but calcuiations seem to show a much smaller nunmber) before the deton-
ation front is correctly established. This implies the use of a maximm
number of zones in order to obtain reasonable accuracy in the detonation velo-
city and consequently in the time scale of the phenomenon. The Chapman-
Jouguet volumes which were used in this work are

. o

ch (PETN) = 0.7872 (28)

ch (2H2 + 02) = Q.54
In previous works 2'3, unfortunately an erronecus value of the Chapman-~
Jouguet volume for PETN has been used. Some runs have been done to check the
influence of this parameter and it was found this error did nat affect the
results seriously as shown in Figs. 9 and 10. It is seen that the correct
value (Voy = 0.7872) gives a higher (4%) final contact surface velocity and
lower implosion pressure at the origin. [

3. RESULTS OF THE COMPUTATIONS:

1y a few results indicative of the general trend will be given in this
report since it has been recently found follcwing a comparison with experi-
mental results, that they were of limited vaiu». In Section 5, the reasons
for this fact will be explained in detail and some indications of the remedy

that could be spplied to improve these calculations and make them more re-
liable will be given.

3.1 The Shock Tube as a Limiting Case of a Hypervelocity Launcher as the
Mass of the Projectile Goes to Zero

The case presented consists of an explosive loading of 100 g PETN, an
initial pressure in the chamber of 400 PSIA 2H, + 0, and an air pressure of 1
torr in the barrel. Four runs were made with the mass of the projectile E
varying: 1.72 g, 1.0 g, 0.5g¢ and 0.2 g. The results are shown on Figures 11 H
and 3J2. Figure 11 indicates the variation of the velocity of the projectile
or interface at 2 meters as the mass of the projectile decreases and goes to
zerc. On Figure 12 is giver the variation of the velocity profile at a dis-

tance of two meters from the origin with the mass of the projectile as a
parameter.

PR LEEPN

From Figure 11 it can be seen that as the mass of the projectile de-
creases, the importance of the first peak pressure on the base of the pro-
Jectile becomes bigger and finally as the mass decreases still more, the
influence of the second peak disappears completely. The trajectory of the .
projectile is now determined by the first implosion and shock waves in the :
barrel generatec ty the following implosions will no longer overtake it.
Figure 12 shows that as expected the projectile velocity increases with de-
creasing mass. It wWas not possible Lo go to masses m < 0.2 g, as the program
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3.¢ Shack fube Calculation

5.6 .1 Ges Case:

[ DB v v

Results were obtained for gas cases with an initial pressure in the
ctemoer of 20C, 400, (00, 8o PSIA 2 i, + 0, . Figure 13 gives the different
12locity profiles cbtained. It is seén uh&? are very similar and the velo-
cities of the iacerfaces ditfer only slightly. This is not physically real-
1ttic For we csn expect 2 consideruble increase with initiz) driving pressure
eLzecilally near vhe origin, before attenuation sets in. The fact that no
Cuunﬁe 1c observed is indicative of some computationzi problem. These un-

kpected computaticnnl results coupled with the experimentul results show
\,eg Seciicn 6) the inability of this code to describe the ohenomenon.

R.2.2 Explesive Case:

A series of runs with tne 8 inch diameter chamber and & 5/16 inch
diaizzter barrel has been run for a constant initial pressure of 200 PS1A in
the chaither and diverse explosive loading: 100 g, 200 g and 400 g. Figure
14 gives the inberiace velocity for these diverse cases. It is seen Shet the
iinal velocity et 10 mevers first increases with increusing explosive weignt,
zoes threusgh a medimum and then decreases as the weight of explosive is
further increased. This ewphasizes the need for an optimizaticn of the
initial conditions tc obtzin the highest Mach number (see Rer.Z). However,
in the jight of the comparison between computed and experimental results,
inis optimization has not been completed using the present prozrem.

‘u

Figure 15 is ihe time-distance diagram of a shock tube case with an
eaplosive loading of 200 g PETN and an initial pressure of 20 o FSIA 2lst+ 0y
for a2 5/16 inch Cismeter channel. The successive impiosions were followed
2id iv is interesting to remark that the successive shocks they generate in
the berrei prepzasate withi lower and lower velocity and will never overtake
sC that the traJeCuO v of the interface is in fact determined only by the

irst inplosicn. It is seon that shock Mach nurmbers, Ms ~ 100 may be achieved.

Figere 10 gives the pressure profiles at various instants corresponding
T3 the case shown on Fig.15. It is seen thet uniform flow exists between the
congact surrace and the shock wave. If this resuit is verified experimentally
1l would be most encouraging to uce the present tacility to generate uniform
flox regions at extreme temperztures snd pressures. FPigure 17 shows the
1 lveace of counterpresswre on the velocity of the interface. There is only
3 Iew per caat difference between 0.1 torr =2nd 1l torr. However, the profile
Craig e cvuslderwbly &nd iuexplicably as the counberpressurce is iancressed o
%2 torr, The remarks made in the grevious subsection also apply here. It
czn e zeen whay during the early phase of the fiow the counterpressure has
titile effect on the accelerating inverface velocity. Whereas, in practice,
The Ao oesczpe  speed as cblained from the chamber temperature sets an upper
dwkt a2ur the Srigin and visccous effects will decay this speed with distance.

we EXPERDENTAL RESJULLYS:

1 Hmigmmat

A3 experirenin rras were done in an 8 inch diameler, hemispherical

iy



chambe:. The barreli wus maae of stulnless-steel, high-pressure tubing with a
5/16 inch internal diameber and wes approximately 4 meters long. Scribed
stainless steel diaphragms, C.C15 inch thick, which had been tested previously
by Wats.n , were used and chosen following his recommendations.

The velccity of the shock was measured using three different methods:

1) Ionization Gauges: they det2ct the arrival of the ionization front
which asccompanies the shock. They were the principal measuring system.

2) Photomultipliers: they detect the arrival of the luminous front which
accompanies the shock. They have been used as an independent way of
measuring the time of arrival of the shock at s fixed station in order
to check the results given by the ionization gauge technique.

3) Microwave: in association with Elsenaar 16, this method should have
given a continuous measurement of the velocity of the shock wave and
by following the profile it should have been possible to evaluate
boundary-layer effects and shock-wave attenuation in the barrel. But
unfortunately the reflection of the microwaves from the shock was very

weak owing to the low power level of the existing equipment and no
practical results could be obtained.

L.2 TIonizution Gauges

The ionization gauges consisted of a tbin copper wire (1/32 inch
diameter) placed in a hole in the wall of the barrel and well insulated from
the wall. They extended about 0.5 mm inside the barrel. Over each ionization
gauge, the barrel was reinforced with a tight collar to prevent the gauge
from leaving its hole as the pressure in the channel increased, following the
arrival of a shock. Five ionization gauges were placed along the barrel at
fixed intervals of 14 inches. During an experiment, they were charged at
300 volts D.C. To prevent accidental discharge, they were checked before a
run at 500 volts D.C. These ionization gauges were connected to a circuit
transforming their signals into sharp pulses which were recorded on an osci-
llograph. We had already at UTIAS one circuit (Fig.l8) designed by Flagg 9
for his measurement of the incident detonation wave and reflected shock in
the one-dimensional chamber. This circuit had been designed to be able to
distinguish shocks at intervals of about 5 ps. This led to difficulties in
the first measurements. The same ionization gauge was giving several sigrals
corresponding to the arrival of the different shocks caused by the successive
implcsions and on the record tvhere was no way to distinguish between them.

A new circuit was then designed with a time constant for charging of the order
of 150 milliseconds and a time constent tor discharging of the order of 2
microseconds. This circuit represented on Fig.18 was built and used with
success. The signals attenuated 28.2 times were recorded on a zig-zag ( or
raster) oscillograph together with the signals of a 10-mi~roseconds time-mark
generator. The oscillograph was triggered from the ignition and a time of

76 microseconds was assumed between the ignition and the first implosion.

4,3 Verification of the Ionization Gauge Technigue

After the Tirst experiments which showed velocity profiles quite
different from the computed profiles, it was decided to check the ionization
gauge technique. This wes done bty placing at the same distance from the
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origin an iorization gauge and a photomultiplier looking through a wirdow into
the barrel. The window was a 1/16 inch diameter lrole, drilled perpendicularly
to the barrel and filled with a transparent resin. The time of arrival of the
luminous front and of discharge of the ionization gauge were recorded separately
as shown on Fig.l9 for a 200 PSIA 2Hp + Op case. The agreement between the two
techniques was found to be very good.

4.4 Experimental Results

Only a few cases have been run so far, mainly for two reasous:
1) They showed sufficient evidence that the computations were noi adequate.

2) We were strongly limited in our choice of initial conditions by the
strength of the hemispherical chamber, which had been previously
damaged and could no longer stand explosive runs.

For these reasons only three cases have been run and duplicated in
order to obtain average values since the reproductibility was not always very
good; initial pressure of these were 200 PSIA, 40O PSIA and 600 PSIA 2H2 . O2
without explosive and with a counterpressure of 1 torr or 10 torr.

Figure 20 gives the oscillograph recordings of a 400 PSIA 2H, + O
case. On Fig. 21 the velocity profiles versus distance of the three stud?ed
cases are given. Two roints, where the velocit{ of the shock in the 400 PSIA
case was measured with the microwave equipment 6 are also given on this
previous figure. These points are in good agreement with the ionization gauge
measurements. The three profiles have the same general character: very high
initial velocity followed by an extremely rapii attenuation of the shock. For
example, in the 600 psi 2H, + O, case, the shc. k wave attenuates from Mg ~ Lo
to M, ~ 10, in 6 ft. This“attefuation was firs. judged too strong, but it is
in fact not so strange when we consider such high Mach rumbers flow in a pipe
of such a small diameter, and we have probably a fully developed pipe flow.
Other runs have been done last year by Flagg, with variable explosive loading
since at that time the chamber could stand 200 g. PETN. These runs show the
same general features but they have been done with only two ionization gauges
and consequently give only a rough idea of the velocity of the shock.

More experimental runs will have to be done in order to evaluate
completely the possibilities of this device and the influeace of radiative,
convective, ablative and frictional losses, and to optimize its performance.
With the new launcher which has been designed, it will be possible to use a
1 irch diameter barrel and this should permit us in the fuvture to carry out
more realistic and useful experiments. However, for the aim of this study,
these few runs have been sufficient, permitting us to Lest well the code used
and to show its inability to describe accurately the phenomena occurring in
such a shock tube as will be shown subsequently.

5. COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL RESULTS

Figure 22 shows cn the same plot the velocity profile of the shock in a
200 PSIA 2H, + 0, gas case computed from this code and as measured experimentally.
The two profiles are quite different and it was suspected that the ionization
gauges were not working properly. However, after the gauges were checked by an
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independent technique, the opiical measurement of the arrival of the luminous
shock front, and after having duplicated all runs and obtained results within
20 per cent it was no longer possible to doubt the results. The calculations
were then checked with great care and we arrived at the conclusion that the

computer code was unable to describe accurately the starting process of this
shock tube.

Let us consider the movement of the interface between the gas mixture
2H, + Op in the chamber and the air in the barrel. Just at the time at which
the diaphragm breaks. This movement is governed by the mumentum equation:

N .
<@ > _ Ay [E)y g - (P ]
dat
J % [mJ_% + mJ%]

For a given pressure difference across the interface, the acceleration depends
on the values of the masses M. , and M.+L. In the channel, the pressure is
very low, so that the mass M.+;2 is veﬂyasmallz typically, for a pressure of
1 torr and a § cm long zone," ° M;,1 s equal to 0.4 10‘5g. On the other side,
M: 1, the last zone in the gas mi tire is in a typical run using Sevray's
zgning 2 with 20 zones in the gas of the order of 0.1 g, so that the accele-
ration of the interface is almost- inversely proportional to the mess of this
zone., This picture is rigorously true only for the cycle at which the dia-
phragm will burst, as the breaking pressure has been constantly chosen as 1000
bars ¢ For subsequent cycles, the driving pressure will also be dependent

on the mass M. 1. However, the influence of the value of the mass located at
the corigin was 2clearly shown as another %type of zoning problem in Sec. 2.2.1.
The zoning used allowed us %o have a mass at the origin approximately 10 times
smaller than with Sevray's zoning, with only 35 zones. Figure 23 shows how
the velocity profile varies. As expected from previous consideration, the
inital acceleration of the interface is much higher. In addition, the final
velocity is much higher. The latter result could not have been predicted
beforehand. This can be understood and explained: in the first case, with a
heavy mass at the origin, it takes a long time for the interface to attain its
final velocity and is still accelerating at 10 meters from the origin, where
the calculation was stopped; when a much lighter mass is located at the origin,
the interface accelerates much faster and the final velocity is obtained in

a much smaller distance. It is_interesting to mention that if we apply the
theory of a perfect shock tube 17, the initial acceleration of the interface
is infinite. From the previous ‘ccnsiderations it is seen that to approach
such a result we should have MJ_L of the same order as M;,1. However, the
continuity of the masses across %he,intprface is difficult®to obtain and would
require an extremely large number of zones,

The results of Section 3.2.1 can now be explained. The shock Mach
nurbers calculated for initial pressures of 200, 400, 600 and 800 PSIA
2Hp + Op were found to be almost the same, as shown on Fig. 13, when they should
have increased with initial pressure. In the computations when the initial
pressure is doubled, the pressure in the chamber is also approximately doubled.
However, if we keep the same total number of zones in the gas, the mass of
the zone located at the origin is also doubled and both effects compensate in
the momentum equation to give the same acceleration.

From the previous discussioxn, it i1s seen that,

17
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a) the computed velocity profile is not realistic

b) the velocity obtained at 10 meters is not the final velocity,
since the interface is still accelerating

Consequeutly, the code, as used is inadequate for such calculations. The follow-
ing irywovements may be implemented in order to make the calculations closer to
reality.

6. FUTURE ¥ORK

Severul changes to the present code will have to be made, but there are
‘hree main directions in which improvements will have to be found and these will
be reviewed in ~rder of importance.

a) Initial Zoning: As chown in Section 2.2.1 and 5, large discontinuities in
zone mzss cannoy be toterated and continmuity of zone mass must_be insured across
the i .erface. ¥From recent discussions wi.th Dr. H. L. Brode 18, it has been
~uney ded ihat even Sevray's zoning is not acceptable since the ratio of zone
messes of two adjacent subregions vwaich is equal to 3 is too big. However, a
1. per cent increase in mass Irom cne zcne to the next may be acceptable. This
suggests the use in the chamber of soning in which as we go away from the origin,
the zone mass is increased by a fixed percentage of the order of 10 per cent.
A reasonable number of zones would have to be assumed in the explosive region
and the number of zones in the gas region would be determined by requiring con-
timiity of zone mass through the interface gas mixture 2H, + 0- /a1r and gas
mixture 2Hy + O- /ext*051ve. Such zoning would be ideal. There are no longer
any Lwporscant discontinuities in zone mass and thus spurious shocks or expansions
are avoided. The mass located at the origin is now very small and of the same
size as the masses in the barrel thus being independent of the pressure in the
chamber, and the difficulties explained at the end of Section 5 are avoided.
However, such zoning will lead to very large numbers of zones and require
extremely large storage of data. The time of computation will be very long and
will limit the number cf cases that can be run, so that a compromise will prob-
ably have to be found. An additional problem is that for very small zones the
transition between t'.: spherical and planar geometry (see Sec.2.2.2) becomes
extremely luroriaut. As noted before, only a two-dimensional treatment of the
transition region will describe the local flow accurately.

b) Bquations of State: When a more accurate code will have been developed, it
will become necessary to use more precise equations of state in: order to be able
to compare expe.imental and computed results. The present equations nave been
used well beyond thei: limits of vulidity. This problem is actually under
investigation and it is hoped that we will soon have a better equation of state
for the mixture 2H, + O,. The equation of state for the explosive, PEIN, will
also have to be reconsidered since the equation we use is in fact an equation for
pentolite (50 per cent of PETN and of TNT).

¢) Artificial Viscosity Technique: The G-method will have to be investigated
much more6 The form of the artificial viscosity should be chosen as described
by Brode “ and the criterion presently based on the velocities will have to be
replaced by a criterion based on the specific volume. The artificial viscosity
technique leads to an erroneous value of pressure in the zone located at the
origin and this effect on the final performance will have to be evaluated.

18




7. CONCLUSIONS

The experimental measurements of shock velocity using ionizaetion gaugses
nave shown that the numerical code used in this work was not very successful
in predicting the performance of the UTIAS implosion-driven shock tube. The
celiciencies of the code have been analyzed in detall anc reccommendstions lave
bzen given to overcome some of these difficulties. The main probleax is to
cnoose proper initial zoning that would avoid computationcl effects and errors
arising from a large chunge in zone mass and which will still not lead ¢to
unreasonuble computing times.
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APPENDIX A: SOUND SPEED RELATIONSHIPS

IR

Al: 2H2+O2 mixture

The equation of state is of the form
E =E (p,V)

The speed of sound i a gas is given by the relation

| “(%), % (%)

<8

The total derivative for P is

%), v (%)
dP = < av + dE
%), 2 )
and thus:

(&), -(%)-(8) (%),

The therwmodynamic partial derivatives are related by

(%), (8),(8)--
(%),

and

01001

By A A SR

- -1
3 ),(%),

substititing we obtain

a»\=_p ﬁE _ 1
) (5‘\5 / ( )v SE >v (av />p

5 A %

D pepenr o,

E

[ (%) (B)(8) ]




D ]

hence: [ P . % >p ]

),

The equation of state is now:

A2: Explosive

P=P(E, V)

The relation:

(%),- (%),-(8),(%),

is still valid.
From first low of Thermodynamics

dE = TdS - pdv

dE = (lgg:)v ds + <:g§ ] av

By comparison it becomes:

Also,

and

A2




APPENDIX 3

PROGRAM LISTING AND FLOW CHARTS

TABLE 1
Summary of Subroutines
DECK SUBROUTINE PAGE
t NAME NAME NUMBER
MAIN 1
READ LIRE 2
SETUP DEPOT 3-6
GROS GUTS 7-8
RETOUR LFTOV 9-10
OUTPUT SORT I 11-12
ETAT 1 EQST 1 13-14
] ETAT 2 EST 2 15
ETAT 3 EQST 3 16

- - L -




APPENDIX B

PROGRAM LISTING AND FLOW CHARTS

S$IRFTC MAIN NOLIST
COYMON A7EA]9RRAKE9sCSQMASDLAVASDTLAS sDUOsEINSUEKSUN. 9 EMPRO$ESUM
119 IMAX s TOUIT s JLASToNaN1oN2 9NRAR]L sNRARZ2 sNCYCL 9 HUNHA SKN sNOUTP
2NPLAM ¢ NPLHASNFLUS sPIN3 sPINIT yRADIU»SHPR ¢ SIGVA ¢ XBARL ¢ XSTOP s ZMEXP
ar :
. COVVON AREA(20092) sBURNE(2) 9COSQX(3) 9CSQ(200) oDTHIN(3) 9DTSQ(200)
1F(20002) oFINT(3) sEKIN{3) oF(20092) s HALFM(200) «HALFR(3) 9 INTER(4 )
2NZOME(3) 9P (20092) 9PPLUSI200)90Q(20002) sROZER(3) 9 THETA(200) s
ATVINS (2) o (20092 ) 9USO(200) sV (20062) 9X(20042)
. 1 CALL LIRE
, 1100 FORMAT(40Xs19H INITIAL CONNITIONS)
: 1101 FORMAT(35X915H VASS EXPLOSIVEs9XsF10e298H GRAMMES)
§ 1102  FOR“AT(35X+17H INITIAL PRESSUREsTX+F10eb4s4H PSI)
¥ 1103 FORMAT(35Xy16M VASS PROJECTILE#B8X9F10e498H GRAV4ES)
‘ 1106 FORMAT(35X922H RADIUS Or THE CHAMBER92XsF10e493H C%)
1107 FORMAT(35X922H AREA OF THE BARREL  92XsF10ekobH Ci2)
1106 FORNMAT(1H )
1108 FORMAT(35X920HPROJe RELEASE PRESSes4X9F10e4s4HBARS)
1109 FORMAT(35Xs15HCOUNTERCRESSURE 19X 9F10e4s4HTORR)
WRITE(691104)
WRITE(6+1104)
WRITE(6+1100)
WRITF(691104)
WRITE(691101) ZMEXP ’
WRITE(6+1104)
: WRITE(691102) PINIT
i WRITE(6+1104)
WRITE(6+1103) EVPRO
. WRITE (601104}
§ WRITE(691106) RADIU
t
i

o ——

WRITE(691104)
WRITE(691107) AREAl
H WRITE(681104)
; WRITF(69110P) SHPR
g WRITF(601104)
iR WRITE(6+1109) PIN3
CALL DEPOT
2 IF(PRAKF=1,) B03+802,802
B03 TF(PPLUS(JLAST=1)=SHPR) 8D19802+802
801 ImAX=2
QRAKF =0,
GO TO 805
802 IVAX=3
ARRAXF =],
2085 CALL GUTS
CALL LFTOV
IFLINUIT=1) 24646
6 IF(DUD) 7979l
7 STOP
END

I AR i s
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5

SIBFTC READ

: 37

READ(591)
READ(5+2)
READ(5+3)
READ(5+3)
READ(5+3)
READ(5+2)
READ(5+2)
READ(591)
READ(5+2)
READ(S591)
READ(S5+1)
READ(592)
RETURN
END

NOLIST
SURROUTINE GCLIRE
COMMON AREA1sBRAKEsCSQMA 9DLAVAsDTLAS oDUOYEINSUIEXSUM s EMPRO ¢ESUM

119 IMAXSIQUIToJLAST oINS N1 9N2 s NBARLINBARZ s NCYCL 9 NMNHA 9NN sNOUTP »

2NPL3IHoNPLHAWNPLUSsPIN3IsPINIT oRADIU»SHPR2SIGMA 2 XBARL 9 XSTQP ¢« ZMEXP «

COMMON AREA(20092) 9BURNE(2) 9CQSQX{3) »CSQ{200) sDTMIN(3) sDTSQ(200)
1E(20002) oEINT(3) 9ERIN(3) 9F(20092) yHALFM(200) sHALFR(3) s INTER(&)»
2NZONE(3) 9P (20042) sPPLUS(200) 9Q(20062) 4ROZER(3) 9y THETA(200"
ITMINS(2)9U(20092)+USQE200) 9V (20092)9X(20042)

1 FORMAT(313)
2 FORMAT(8F1048)
3 FORYAT(F10e4)

IMAX

AREAL sRADIUIXSTOP
E4PRO

IVEXP

PINIT

SHPR

PIN3
MZOME(1)9NZONE(2)
XAAR]

NRAR] 9 NBAR2

N1sN2

DUO




S$IRFTC SFTUP NOL1IST

1094
1095

1007
1096

1069
1030
1200
1001
1002
1003
1004
10n5
10064
1007
1008
1009
1010
1011
1012
35

40

SUBRCUTINE NEPOT

DIVENSION OQUTRD(2)+FZEROI3) o VZFRO(3) +DELX (1) 9GAVNMA(3)

COV“'ON AREA19BRAKEsCSHAMAIDLAVAIDTLAS 'DUOIEINSUIEKSUVPEMPROPESUVY
119 IMAXOTOUITIJLAST NG 1429 'BARL9NBAR2 9\ CYCL o niMNHA oiv\ o NQUTPR»
2NPLIH G MPLHA WNPLUSsPI Y3 9PIMIToRADIUSSHPRSIGrA 9 XBARL 9 XSTOP 9 ZEXP
3T

COVVON AREA(20092) sBURNE(2) 9CQSAX(3) +CSQL200) sDTMIN(3) 9sDTSQ(200U)
1E(20092) o FINT(3) 9EXIM(3)9F(20002) o+ HALFV(200) sHALFR(3) 2 INTER(&4) s
2VMZONE(3) 9P (20092) 9PPLUS(220) 9Q(20092) sROZER(3) s THETA(200)
FTVINS(2)9U(20002)9USQ(203) 9V (20092) 2X(20042)

ARAKE=C,

COSOX(1)=E,

CQSIX(2)mb,

CRSNX(3)=4,

VZERO(1)=1l,

VZERO(?2)=],

VZERQ(3)=],

GAVVMA(3)=] 44

RURNE(1)ml,

RURNE(2)=],

OUTRD(2)sRADIU

ROZFR(1)1=0e5R8

ROZER(2)=124/(14e¢5%#300e#83,7I)#PINIT

ROZER(3) w2896/ T750s0%#3000%#83417)%PIN3

FZERN(1)=30400.

FZFRO(2)m14225%#)4E 05 #ROZER(2)

E2ER0(3)=PIN3/((GAMVA(3)=1,0)#75040)

VEXPeZVEXP/0e588#34/2./%01416
CEXPaRADIU#3=VEXP

IF(CEXP) 109445109941094

Yli=l,

Y2aYl=(Y1%#%83=CEXP)/(3.8Y]1%82)

IF(ARS((Y1=Y2)/Y2) =14E=i) 10969109691097

Ylay?

GO TO 1095

CURRT=RANDIU=Y2

GO TO 1030

CURRT=Q0,

OUTRD(1)=CUART
Ns]

AV AHA =N

PLIM s\

NPLUS s)

NPLHA s=NPLUS

MN=3

NOUTP =0

NCYCL =0

T=0,

NTLAS=O,

NDTVIN(NN)=O,

INTER (1)=}

DO 35 Is=1,yIMAX

HALFR (1)2R0O2ER (1)/&.
N70ONFE (3)sNBAR1+NBAR2
NO 40 1=}y IMAX

INTER (I+1)sINTER (1)+NZONE (])
JLAST=INTER(IVAX)

e

Togdn e

o s vt TS




PEOSPUURNER Y

101

102

104

105

106

107

103
94
95

97

JLAS3sINTER({IVAX+1)
JLAS1=sJLAST=]

DNZOL=sNZONE (1)

DELX(11= (RADIU##3=(RADIU~OUTBD(1) ) ##3)/DNLOL

VGAZs (RADIU=OUTBD (1) ) ##3

X(1oN)=Q,

U(leN)=0,

DO 855 I=]1sIMAX
IF(1eEQeleANDANZONE(L1)oeEQeD) GO TO 55
JMINSINTER (1)+l

JMAX=INTER (1+1)

DO 51 JsJMINJMAX

JMNHA = =]

UlJsNMNHA )Y =Q o

QUJIMNHA N ) =0,

V{JMNHA oN)sVZERO(])

E(JMNHA oN)=EZERO(I)

UlJe2)sG,

Ql{JUNHA 2180,

VIJMNHA 92 ) aVZERO(D)
E(JMNHA»2)=E28RO(T])

IF(1=2) 101+10R,108

SETUP REGION 1 AND 2

Dleje]

VOL=DELX(1)#3,14159#0666666666

HALFM ( JMNHA ) sHALFR (1) #vOL
CJeRADIUM#3=DELX(1)#DL
GO TO 103
PARTeNZONE(2)/2
MeNZONE(2) /72+NZONE(1) +]

IF(J=M) 104+104+105
DL=J=1=NZONE(1!
VOLS4 o /5e#VGAZ/PART#3,14159%8046666666
HALFM ( JUNHA ) sHALFR( ) #VOL
CJISVGAZ=4 e /5 #VGAZ#DL /PART
GO TO 103
PART1=N2OME(2) /4
MPsM+NZONE(2) 74

IF(J=MP) 1061069107
OLsJ=M
VOLS3,/20#VGAZ/PARTI#3,14159#0666666666
HALFM( JMNHA ) sHALFR( 1) #vni
CJB1e0/5¢#VGA2=340/20,0#VGAZ#DL/PART]
GO TO 103
DLaJ=MP
VOL8140/200#VGA7 /PARTI#3,414159%0,66666666
HALFV({ JMNMA }sHALFR( 1) #vOL
CJm1,0/720.0#VGAZ*({PART1=DL) /PARTL)
IF(CJ) 94999994
Yisle0

Y2uY]l=(Y1#%83aCJ)) /(3. 0Y1H%2)
IF(ABS((Y1mY2)/Y2)=1eE=l) 96096497
Yisy2
GO T0 9%
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96
99

108

109

110
111

50
51

55

400

500
10

72
71

73
130

135

CUBRT=Y2

GO TO 50

CURRT=0,

GO TO 50

SETUP REGION 3
P(JYNMA11sPINS/ 7504
P{JMNHA 2 )mPIN3/750,
JOJrJ=JLAST

IF(JOJ=NBAR1) 109+109,110
DELX1=XBAR1/FLOAT(NBAR])
VOL=DELX1#AREA]

HALFM JVNHA Y sVOL #HALFR (1)
DJsJDJ

CUBRT==DJ#DELX]

GO TO 50

IF(NBARZ) 50505111
XBAR2=1,2#XSTOP=(RADIU+XBAR]1)
DELX2sXBAR2/ELOAT(NBAR2)
VOL=DELX2#AREAL

MALFM{ JMNHA ) =VOL#HALFR ]!}
DJ=JDJ=NBAR1
CUBRTe=XBAR1=DJ#DEL X2

END SETUP REGION 3
X{JeN)sRADIU~CUBRT
X(Je2)mX(JoN)
U{JIMAX+1 o NMNHA ) =0,
E(JMAXoN)SEZERO( I)
VIJMAXsN)=VZEROL ])
JLAS2=JLAS3=~]
HALFM{JLAS3 ) aHALFM{JLAS2)
DO 10 J=mlyJLAS)

JsJ

IFIX{JoNPLUS 1=RADIV 4009509500

AREA(JSNPLUS 1o ((RADIU =X(JoNPLUS ) )#%2142,%4341416'

GO TO 10

AREA (JeNPLUS _)=AREA1
AREA(J92)=AREA(JINPLUS)
P(JLAS3sN)aPIN3/750.
P(JLAS392)=PIN3/750s

DO 130 IslyIMAX
IF(JeECel1eANDJNZONE(1)¢EQs0) GO TO 130
Isl

IF(1=2) 72971973

CALL EQST2

GO TO 130
JMINSINTER(I)+1

JMAXS INTER(I+1)
JMIN!=J4IN=]
JMAX] s JMAX=]
FIJMAX19eN)=0e999
F(JMAX]1oNPLUS)®0 099"
CALL EQST]

GO TO 130

CALL EQST3

CONTINUE

DO 135 JMNHA=]»JLASI
PPLUS (JMNHA )sP (JMNHA »N)
EINSU=C,

EKSUM=C,

e S -+ ade - o ox e W 3 s e ams -
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ESUV=eQ.,
USQ(l)=mUlloN)nn2

NO 165 I=1yIMAX

EINTIT =0,

: FRIN({II1=00

3 IF(14EQel1eAMDINZONE(L)4EQe0) GO TO 165
JMIN®INTER (1)
JMAXBINTER (I+1)=]
DO 160 JuJMINoJ¥AX
JPLHA =J
USO(J+1)eUlJ+] oN ) #u2
EINT(I)uEINT(I)+E(JPLHA «N)/HALFR (1)#HALFM(.IPLHA )

160 EKIN(I)=(USQ(J)+USQJ+1) ) #HALFMIJPLHA )} +EKIN(T)
EKIM(T)mo S#EKIN(T)

‘o EINSU ®EINS! +EINT(I)

3 EXSUMSEKSUM+EKIN(T)

;- 165 CONTINUE

L ESUMBEINSU +EKSUM

L CALL SORTI

NPLUS =2

NPLHA sMPLUS

DTMININPLHA )=0400006

DTMIN(NN)=0,00006

TMINS (NPLHA 12400000008

IQUIT=0

X(JLAST yNPLUS ) =X { JLASTsN)

‘RETURN

PR SN N S ot A R DO i
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. [

g mm, AL




R

T R TR

TR ITIVITRArE S

S HAS

$1RFTC GROS NOLIST |

807
gor

809

80¢€

195
196

C AREAS AND VOLU“ES ARE NOw CALCULATEC FOLLOWING THE SCHEME

C OF

400

500
510

512

L (HALFR (JVNHA ) +HALF ~{ JPLHA ) +EMPRO)

SUBROUTINE GUTS

DIVENSION DLAYD(200)9TS1GS(200)

COMMON ACEAL sARAKE 9CSQMAWDLAYASDTLAS +DUOIFINSUIEKSUM s EVPROIESUNM
110 IVAX o IOUIT o JLAST N9 N1 9229 NBARL o MBAR29NCYCL 9 NVNHA 9NN 92 OUTPO
2MPLAH o NPLHASNPL USRI NS nPl\lI4RADlU453234$45AA4x532$4x5109 »
37

COVMON AREA(20092)9BURNE(2)9CQRSOX(3)9CSAL200) 9DTMINI(3)sDTSO(200)
lE(ZOOoZ)OEINT(S)QEKI“‘B)oF(ZOOoZ)9HALF“(200)¢HALFR(3)OINTER(Q)O
2NZ20NE(3) 9P (20092) oPPLUSI20C) 90(20002) 9ROZER(3) s THETA(2001)
BTMINS(2)9U1(20002)9USQI200)sV(20002) oX(20092)

JLAST=INTER ()

JLAS1=JLAST=]

FRICC=1.0

DLAMA =0,

SIGMA =0,

TaT+DTMINI(NPLHA )

NCYCL =NCYCL +1

NOUTPsMOUTPR+1

DO 245 [=ml,y]lVvAX

IF{1eECQe)eAVCoNZONE(1)eEQeD) GO TC 245
CSQVMA =0,

X{1eM)=00e

X{1y4PLUS) =D,

U{1sNPLHA)I =0,

Ul1aNVNHA) =D,

1=] K

JIINSINTER (1)+1 )
JUAXEINTER (1I+1) :
DO 196 JsJNMINsJMAY
JPLHA ay
JVNHA = e}

IF(JLAST=J) BO&IBOTH8BNE
IFIBRAKF=1,) 82898099909
NUNT=0.

GO TD 195
NDUDTeFRICCH (POLUS{JVVHA)=2DLUS{JPLHA) } #AREAL/

GO TO 195

DUNTs (PPLUS (JVNHA)=FRPLUS(JPLHA) I #ARCA(JIN) /.
T{HALFN (JYNHA ) +HALF Y (JOLHA) ) :
tOJONPLHA ) =ULJpNYNMA J4DTRIVINN) #OUDT !
X(JoNPLUS =X (JoM)4DTHIN(LPLHA 1 #U(JoNPLHA ) :
JAINSINTER(D)+1
JVAX=INTER(I+1)

FLAGG

NO 230 J=JVINeJMAX

JPLHA=J

MNHA® J=]

PROsSORT (AREAL/3414159)
IF(X{JonPLUS)=(RADIU=PRO)) 40095C09500
AREA(JoNPLUS) S (RADIU=X(JoNPLUS) I %%2%2,0%#3,14159
VOLUMB240%3414159%# (RADTU=X(JePILIS) ) ##3/3,0

GO TO 17

IF(X{JoNPLUS)=RADIU) 51095104520
AREA(JoVPLUS)=3014159#(RADIU=X(JINPLUS) ) ##2+AREA]
IF(X(J=19"PLUS)=(RADIU=RR0)) 5129512513
VOLUME2,0%#3,14159% (RADIU=X(J=1sNPLUS) ) ##3/3,0
123141508 (RANTU=X(JyNPLUS) ) # ( (RADIU=X{JoNPLUS) ) #%#243,0%PRO##2] /A,
~O TO 17




»13

520
522
523
524
525

1

20

22
23

f

8
8

5

60

62

72
80

80

24
24

246

VOLU“%3414159% ( (RADIU=X{J=19NPLUS) 1 #( (RADIUSX{J~1 sNFLUS) ) ##24340%
1PRO##2) = (RADIU=X{ JoNPLUS) ) % ( (RADIU=X{J9NPLUS) ) #%#24340%#PRU#2))/640
GO TO 17

AREA(JsNPLUS)=AREA]L

TF{X(J=19NPLUS ) =RADIU) 52345229522
VOLUMEAREAL# (X (J o NPLUS =X (J=1 9o NPLUS})

60 TO 17

IF(X(J=1oNPLUS)={RADIU=PRO)} 52445244525

VOLUN s AREAL# (X (J9NPLUS)=RADIU) +2e0%#3414156/340%(RADIVU=X{J=19NPLUS)
1)%%3

GO To 17

VOLUMSAREAL# (X (JoMPLUS)=RADIU) +3414159/640# (RADIU=X(J=1sNPILUS))
1#((RADIU=X{J=1 )NPLUS) ) ##243 ,0#PRO®X2)

7 CONTINUE
VIJMNHA ¢MPLUS ) =VOLUM / HALFM{JVNHA ) #RALFR(I)
IF(UCJINPLHA J=U(J=19MPLHA )) 205922549225

5 Q{JVNHA »MPLHA )=CQSCX (1) #(UGJoNPLHA )=U(J=19NPLHA })
1882/ (VIJVNHA oNPLUS ) +VIJVNHA oN)) #HALER(I)
GO TO 230

5 Q(JMNHA sNPLHA )=0,

0 CONTIMUE

IF(I=2) 83982,81
3 CALL EQST2

GO TO 53 .
2 CALL EOST1

GO TO 53
1 CALL EQST3

JMIN=INTER(I)+1

JMAXSINTER(I+1)
3 D0 240 JmJIMINyJMAX

JMNHA =J=]

TSIGS (JVNHMA )sCSQIJVNHA 1/ (XUJeNPLUS Y=X{J=1eNPLUS ) )»#2

PPLUS (JMAHA =P {JMNHA oNPLUS J+0(JVMNHA oVPLHA )

DLAVD (JVNHA 1sCQSAOX({I) /2% (VIJMNHASN Y=V ( JUNHA o NPLUS) ) /

1(VIJUNHA ¢N)+VIJUNHA SNPLUS ))

JF(DLAMD (JMNHA )=DLAMA) 60096005601
0 DLAMAsSDLAMA

GO TO 620

601 DLAMA=DLAMD (JMNHA)

0 IF{TSIGS(JMNHA)=SIGMA) 70097009701

700 SIGMA=SIGMA

GO TO 720

701 SIGVA=TSIGS (JMNHA)

0 IF(CSQMA=CSQ(JMNHA)) 80098005801
0 CSQYA=CSO (J¥NHA)
GO TO 240
1 CSQOMA=CSQOMA
0 DTSQ(JMNHA )=41111111/TSIGS (JMNHA )
5 CONTINUE
IF(XSTOP=X{JLASToNPLUS) ) 34003400246

340 IQUIT=1

CALL SORTI
RETURN
FND




$IBFT

250
255
260
265

2170
275

280
400

401
285
500

501
250

295

300

C RETCUR N\OLIST

SUHROUL INE LFTCV

COMVEM AREAY +NRAKE»CSOVAIDLAVAIDTLAS DU IEINSUIEKSUM s EMPROIESUMY
IT9 I AXSICUIT s JLAST Mg 19 M2 97 RARLaNRAR2 9MCYCL o NMIIHA SN ONOU Iy
2VPLAH G NDLHASNPLUSPIN3sPINITIRADIUISHPRsSIGMA S XBARL o XSLAOMLMEAN .
3T

COMLOGY AREAL200902) 9RURNE(2) 9COSAX(3) oCSC(200) oDTMINI3) 9D 150D}
1F(2C002) sEINTU3) sEKIN{3)9F(20092) oHALFV{200) sHALFR({3) »INIEK(G )
2MZONE(3) oP(20092) sPPLUSI200)90(20092) sROZER(3) 9 THETA(200)
ATIIAS(2) 9 (20092)sUSC(20C) 9V I(20042)9X(20042)
JLAST=INTER(3)

DTLAY =DTVIN(MPLEA )

SIGYI =1e/SIGMA

IF(SIGH] =94 #TUINS (MPLHA )) 27042709250

IF(DLAYA =a08 ) 25592709270

IF(SIGM] =16e #TMINS (MPLHA )) 26592609260

IF(DLAMA =405 ) 2704270+265

TMINS (vPL3H )sTMINS (NPLHA )

GO TO 285

IF(DLAMA=L0NS) 27592759280

TMINS (NPL3H )=SIGMI /4.

GO TO 285

IF(SIGMI/16e =e005184%#TMINS (HPIHAY /DLAVARRZ) 40064004401
TVINS(RNOL3H)I®SIGNI/ 164

GO TO 285

TMIMS(NPLAH) S Q05184 # TMINS (NPLHA) /DLAYA®S2
IF(SORT(TYIMNS(NOLIH) )=l 4#DTMININPLHAY) 50035009501
BTVMIN(NPLAK ) SSQRT(TYINSINPL3H) )

GO TOH 290

DTVIN(HPLAH)I®] o 4#DTMIN (NPLHA)

DTMININN)=(DTMIN(NPLAY )+DTHMININPLMA ) ) /24

NP=aNPLUS '

NPLUS =N !

NPLHA =NPLUS

NmMD

NMNHA s\

MPL3H =N

EINSU =0,

ESUM=Q .

EKSUME0,

USG{1)=U(1sN) %2

DO 300 I=l,yIMAX

EINT(Il)=0,

EKIN(I)=0o

IFileEQeloANDeNZONE(1}4EQe0? GO TO 330

JMINSINTER (I])

JMAXSINTER (I+1l)=]

N0 295 JsJVMIN9JMAX

JPLHA =)

USQ(J+1)sUlJ+]1oN) %82

EINT(T)PEINT(I)+E(JPLHA oN) #HALFY{JPLHA ) /HALER(})
EKIN(IIs{USO(JI+USQ(J+1) ) #HALFMIJPLHA ) +EKINC(E)
EXIN(I)=aSHEKIN(LT)

EINSU sEINSU +EINT(])

EKSUM=EKSUM+EKIN(T)

CONTINUE

EKSUMBEKSUM+ o SHEMPRC #U(JLAST oN)##2

ESUMSEINSU +EKSUM




IF(RCYCL=N1) 12003245324
324 1F(NOUTP=N2) 1200327+327
327 NOUTPs=0

CALL SORT!
120 RETURN

END




THEEA
]

TR I

T

TS

ATTSATIN

S$IRFTC CUTPUT NOLIST

SUBROUTINE SQRTI!

DIVENSICNY 2+A88(200)

COVYON AREA1»BRAKE2CSQMAsDLAMADTLAS sDUOIEINSUSEKSUMYEYPROPESUMy
LT IMAX L IQUTT o JLASTaNGNY /522 NBARL JNBARZ & IUCYCL o NAHALNMLNOUTR Y
2NPLAHINPLHA oNPLUSHPINBWPINIToRADIVUISHPRSIGMAIXRARL o XSTOP9ZMEXP »
3T

COMMON AREA(20092) 9BURNE(2) 9COSAX{3)9CSA(200) 20TH1X(3)9DTSQ(200)

1E(20092) sEINT(3) sEKINI3) oF (20002) oHALFV{200) sHALFK{3) s INTER(L)»
2NZONE(3) 9P (200492) oPPLUS(200) »Q(20092) »ROZER(3) 9 THETA(200) »
3[%1&5;2)LULZQQ;ZJ;USQLZQQJnVLZQQAZchLZQﬂ;ZJ

IMAX=

JLASTSINTER(IMAX}

JLAS1=JLAST=]

JLAS3= INTER(IMAX+])

JLAS2=JI.AS3=]

421 FORMAT(1HO)

1 FORMAT(1H1)

2 FORMAT(3X»115HJ X(JeN) UlJeN=1/2) VIJ+1/2N)  PUJU+1/290i8
1) QUU+1729N=1/2) ElJ+1/729N) AREA(JoN) DTSO(172+1/2) DMIJ+1/2))

3 FORMAT(3X9112H cM Cri/MILLISEC ccr/ece ) -BARS
1 BARS BARS=CC/G MILLISECSQ GRAMS)

4 FORMAT(l4s 6FE134592E11,34F13a8)
6 FORMAT(1Ss 3E1545)

7 FORMAT/3X9116HJ X(JoN) Ul{JoN=1/2) ViJ+1/29N) PtJ+1l/29N
1) QUJ+1/729N=1/2) E(J+1/29N) AREA(JIN) DTSQ(1/291/2): TEMPR -
B FORMAT(3Xsll1lH C™m CM/MILLISEC Cc/¢cco - BARS
1 BARS BARS=CC/G MILLISECSQ- DEGK).
12 FORMAT(4TH CYCLE T nT T TOTAL E)
ILIMI  sIMAX
WRITE(601)
WRITE(6412)
WRITE(696) NCYCL «TeDTLAS »ESUM
WRITE(69+421)

IFINCYCL) 53953464
53 NO 57 JPLHA=19JLAS2
87 ZMASS (JPLHA)®2 o #HALFM( JPLHKA)
WRITE(602)
WRITE(693)
WRITE(69421)
DO 604 L=1sJLAS2
IF(L=INTER(3)) 60196039602
801 IF(L=INTER(2)) 60296039602
602 WRITE(604) LoeX(LON)sULLINMNHA) oVILON) oPPLUSIL) sQ(LINUNHA)»
IE(LIN) 2AREA(LoN) sDTSQ(L) o ZMASS(L)
GO TO 604
603 IF(LeFQeINTER(?)+ANDaNZONE(1)£Qe0) GO TO 602
WRITE(60421)
WRITEC(694) LoX{LoN)sUILsNMNHA ) oV.(LeN)oPPLUS (L).3QLLsNMNHA )
1ECLsN) sAREA(LoN) sDTSQ(L) »ZMASS (L)
604 CONT:INVE
) FORMAT(149 2E13e5974X0EL1%e5)
WRITE(6:41)_. JLAST.X(JLASIANLAHLJLAST’NMNHA14£MERO
GO T0 71
64 IF(BRAKE=14) 80981981
80 L2sJLAS]
GO TO 65

B et R
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LSy

TR TR TR oL L

Ehadiag

BT e

B TG

81 JL1sJLAST+1
DO 82 J=JLl+JLAS3
JMNHA = J=]
APIN®24#PIN3/750,
IF(PPLUS{JUMNHA)=APIN) 83983982
83 L2sJ
GO TO 65
82 CONTINUE
645 WRITE(647)
-~ WRITE(648)
WRITE(64421)
NO 704 L=]lel2
TLIMI mIMAX
DO 702 lLe2:ILIMI
4 IF(L=INTER(IL)) 70297034702
702 CONTINUE
705 WRITE(694) LoX(LoN)oUCLINMNHA) oV (L oN) )PPLUS (L) sQ(LoNMNHA) »
1E(LoN) sAREA(L 9N) 9DTSQUL) s THETALLL)
GO TO T04
703 IF(1L+EQe24ANDMZONE(.1) 4EG4OY GO TO 705
WRITE(69421)
WRITE(694) LaX({LoN)oULLoNMNHA) oVILaN) sRPRLUSIL)oQILINMNHAY »
~ IFE(LsN) 9AREA(LINI »DTSQ(L) s THETA(L)
704 CO'TINUE
: WRITE(604) JLASToX{JLASTN) sUIJLAST sNMNHA)
71  CONTINUE
. RETURN
END




SIBFT

500

501
502

U PHWN

“300

301
66

10

9e

99
101

11

12
13

C ETAT] NOLIST

SURROUTINE EQST1

COVVMON AREAL oBRAKEICSQOMAWDLAMAWDTLAS 9DUOSEINSUIEKSUMsEMPROPESUMY
110 1MAX s TOUIToJLASTINI NI oN2 9NBARL o ANBAR2INCYCL s AMNHAINNONOUTP»
2NPL3H o NPLHA SNPLUSoPIN3 9P INTToRADILIASHPR ¢ SIGMA 9 XRARL o XSTQOP ¢ZVMEXP 2
Chi

COYMON AREA{20092) sBURNE(2) 9CUSAX(3) 9oCSQ(200) 9DTMIN(3}9DTSQ{200)
1F(20002) oEINTI3) »EKIM(3) oF(20092) oHALFM{200) sHALFR(3) 9 INTER(4)
2MZONE(3)9P{20092)9PPLUS(200)9Q(20092) 9ROZER(3) e THETA(200) 4
FTMINS(2) U200 02)9USR{200)9V(20092) o X(20092)

=2

JVIN=INTER(I)+])

JVAXRINTER(1+1)

JMIN1sJN]IN=]

JVAX]1 = JNMAX]

IF(BURNE (1)) 191001

FM.INmD2,

IF(NCYCL) 50095009501

JMAX2=JVAX]1e]

GO TO 502

JMAX2= JVAX]

DO 66 JUYNHASJVIN1JIAX2

FUJMNHA oMPLUS 1:{lamVIIMNHA oNPLUS ))/({)s=e54)

IF(F{J*NHAINPLUS ) =e001129393

FOJUNKA oNPLUS ) =0,

IF(F{JINHA INPLUS J=1le) 43695 B

IF(F{JNVNHA INPLUS )=F (JMNHA oN)) 59696

FIJYNHA oNPLUS )=l

IF{F(JNHANPLUS ) =FMINY 3009300301 L

FralNmF (JMNHA 9N PLUS) =

GO TO 66 - ’
FINSFATN

CONTINUE

IF(FAIN=le) 1Co0797

DO 8 JVNHA =sJ IN1yJVAX]

F{JYNHA oN)=1,

F{JVAX1oN)m],

FIJUAXT1oMPLUIS)B] 6

PURNE (1)=0,

NG 200 JuNHA sJVIN1yJIMAX] ]
Ela(E(J/IHA o7 )= (PJ4NHA sN)I+QUIMNHA oNPLHA ) #
LIVIJ4NHA oNPLUS ey {JVMNMA sN)) ) )#40001/R02ER (1)
VE=V({JVNHA oMPLUS ) /ROZER (1)

IF(F(J¥VHA pNPLUS )=14¢0) 9999949y

P1l=10e

GO TO 101

P1sP{ JVMNHA oN)#.0001

PlVE=D] #VvF

IF(PIVE=1,0065) 11l9ell9l2

ALPHAR] 4D

DALFD =040

DALFV =040

G T 16

JF{21vim3,4n8) 13913414

ALPHARERD) qORPLIVE=900N 90

NALFD =860060#VE

DALFY =8600,0#P]




GO TO 15
14 ALPHA®21,0EN3
DALFD =040
DALFV 20,0
15- PIVE22PlVE##2
PIVEG=PIVE2%#2
PlVES=P1VE4*P1VE
RRAC1=114040+P1VESL
SRAC?2=4101F=03#ALOG(ARS(P1/14013E=03))=e2325E=03
EF=6e5THPLIVE+974 ¢ O#PIVE2/BRACL=ALPHA*BRAC2=-EL
EPRIM =645T#VE+1948e0#VEX#2#P] /BRACI=3089640*VEPIVES/BRACI#42
1-DALED #RRAC2=~ALPHA*4101E=Q3/P1l
PNEW=P l=EF/EPR]Y
IF(ABS (P EW=P1)=40001) 17417416
16 D0)=aDNEW
GO TC 101
17 E(JANHA oNPLUS ) =Elm{o5# (P1#10CUC e *F (JVNHA sAPLUS ) =P (JMNHA »N) ) #
LUV JUNHA oNPLUS )=V (JMNHA oM)) 1#aQO0L/ROZER (1)
171 PLlVE=P1a#VE
PlVE2=P1VE##2
P1VE4=PlVE2*#2
‘P1VES=PLIVES4#PLVE
IF(P1VE=140465) 18¢18419
18 ALPHA=040
LALFD =060
‘DALFV" 2040
GO TO 22
19 IF(P1VE=34468) 20920921
20 ALPHA=B8600 ¢ #P1VE~900040
DALFD =600 0#VE
“DALFV =B6&00e0#P]
GO TO 22
21 ALPHA=21,0E03
DALFD 2040
DALFV =040
22 '8RAC1=114040+P1VE4L
ARACZ=¢101E=03#ALOG(ARS(P1/14013E=03) )=42325E=03
EF26s5T#PLIVE+9T4 ¢ 0#P1VE2/BRACL=ALPHA*BRAC2=L { JXNHA #NPLUS )
EPRI* 2645TH#VESF}94BoO#VER#24P 1 /BRAC1=38964*VEXPIVES/BRACL##2
1=DALFD #RRAC2-ALPHA#,101E=-03/P1
‘PMEY=P1l=FF/EPRIM
JF (ASS(PYEV=P1)=a0001) 24924423
23 PlsPNEW
GO T0 171
24 FE(JVNHA oNPLUS )SE(JYNHA sMPLUS ) #140EQ04*RCZER (1)
PAJIVNHA oNPLUS ) sP1#1¢0EQ4#F (J¥NHA #NPLUS)
PEND=EPRTY
DEOVE6.257#P1+1948¢0#P1VF#P1 /HRACI~3896,O#P1VFS ¥R 1 /BRACI ##2
1=DALFV #BRAC2
IF(F(JMNHA oNPLUS 1122292019202
201 CSQUJMNHA )10
GO TO 200 -
202 CSQUIMNHA )s(V(JMNHA sNPLUS )/ROZER (1))##2%(Pl+DEDV)/DEDP#14EV4
200 THETA(JVNHA)SP (UVNHAGNPLUS ) #V (UMNHAGNPLUS) /(BS5a  #ROZER(IL) %12,
RETURN
END
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SIQFTC ETAT2 NOLIST

SURROUTINE EQST2
COVVON AREAL19PRAKESCSQMAIDLAMASDTLAS sDUCIEINSUIEKSUMEMPROSESUM »
179 IVAXITQUITIJLASTININLIN29NBARL oNBAR2 9 NCYCL o NUHA 9 NN s NOUTP 9
PNPLAHONLL 1A «NPLUS RINAWPINIT JRADIU o SHPR 3 S TGN A XBAR] s XETOP 2 ZLEXP »
3T
CovvOh AREA(200192) sBURNE(2)+CQASQX(3) 9CSQ(200) oDTMINI3) oDTSWI200)
1F{20Co2) sEINTI3)9EKIN(3) oF(20002) oHALFM(200) s HALFR(3) s INTER(4)»
2NZONE(3)9P(20002) oPPLUSI200)9Q120002) 9ROZER(3) sTHETAL{200) s
ATMINS(2)9U(20002)9USNL200)7(20002)9X120092)
1=}
JMINRINTER(T)4+1
JVAXZINTER(I+])
JvINlEJVvINe]
JVYAX12YvAX=]
IF(BURME (1)) 101091
1l EvIt=2,
N0 66U NHA =JVIN]JMAX]
FLIVNHAWNPLUS ) = (] o 0wy { JMUIHA SNPLUSY ) /7 (1e0=0e7872)
IF(F(JVYNHASVYPLUS 1= 001) 29393
FIJMNHA #NPLUS ) =0,
IF(F(JYRMA gNPLUS Iw=le) 49645
TFAFLJNANA o KPLUS YwF ( MANHA M) ) 54646
F{JYNHA oMPLUS )=l
6 IF(F(JNHA 9 NPLUS Y=F ¥ 1) 30003000301
300 FNINSF(JYMHALMPLUS)
GO TD 66
301 FXlnmfpulv
66 CONTINUE
IF(FYIemle) 100797
7 DO 8 J¥YNHA =Jd IN1leJdMAX]
B FIJMIHA o) =1,
RURNE (1)30,
10 DO 200 JYNHA =) INTJMAX] ’
Flas(E(JYMHA o3 )=(P(JSNHA oN) €0 (JMNHA o NPLHA nuvu&..aa WAPLUS. )=
IVIJVNHA 377) ) )1 #16 UE=06/ROZER (1)
RHC=ROZER (11/VIJMNHA HANPLUS )
RHC?2RHC*#?
EXPONSEXP (= e /RHO )
20 Am JDC2164%¥9MOZ#HOZ2+240T55#EXPON
R a35%#RKH0
NANRH = (O0RASEAXRMO#IHO24124530REXPCN/RMHO2
DBRDRM =435
Pls(A+R#F]1 )%1,0L06
108 E(JVNHA oNPLUS ISEI#] 40E0ERRNZER ([1meb5# (1B (J NHA )it
LIVIJYNHA 9VBLUS eV (Jvhrd gv))
PLLSINHA ¢8PLUS I m{ASSREL L HA oNPLUS I R140F=GA/RAZFX (L)) #1le DEDS
1#F (JVNHA yPLUS )
IF(FLJVNHA oNPLUS ) )20202019202
201 CSQUUVNHA 1 =]1,.0
6O TO. 200
202 TSQUJYIHA D= (HRE(JUNHA pNPLUS 18] 40N =08/RHU2»DADRN +OREHS
1€ (JVHA 2 2PLUS 1% 1e0E=CE/ROZFR (1)) %140506
200  THETA(JZMHA)RP (JVANHA S NPLUS ) RV JVNHAPLPLUS) /(03,1 644830 3ZER(T))
RETURN
EMD
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'34

SUBROUTINE EQST3

REAL MUsMUO M2

COMMON AREA198RAKEyCSOMA9DLAMAIDTLAS yUUOyEINSUEKSUMEVMPROVESUN.»
119 IMAXOTQUIToJLAST NI NL19N2 9o ARARL SNBAR2 9 NCYCL o NMNMA s NM o MOUTR
§¥PL3H0NRLHA3NPLUS.P!N1oP!M!ToRADJU;SHPRJSLGMAtXBAthXSIﬂPDZNEx?o

COMMON AREA(20C»2) sBURNE (2) »CQSQX(3) 9CSQ(200) +DTMIN(3) sDTSQ(200) o
© 1E20092) sEINT(3) sEKIN(3) »F(20092) sHALFM(200) sHALFR{3) o INTER(4) s
2MZONE(3) 9P (200521 9PPLUS(200) 9Q(20042) sROZER(3) s THETA(200) »
3TMINS(2) »U(20092) 9USQ(200) 9V (20092) sX(20092)
i1=3
JYINRINTER(1) 41
JMAX= INTER(1+1)
IMINLmJUIN=]
JVAX] B JVAX=]
‘DO 1200 JMNHASJUMINY 9 MAX]
SEL®(E (JVNHA oNY = L (P LIVNHA SN $0 { JMNHA$HPLHA ) 4V LIMNEALGPLUS )
1=V JMNHA9N) ) ) 1 /(19604 D#ROZER (1))
PISPUMNHAIN) /1401375 '
‘HETA'ROZER(B)/(V(J“NHA-VPLUS)*10293F-O3)
PS18ALOG(META)
Z1sP1/HETA
NEsY
¥8140/21
A(25689486844Y+340)/{4sT7897369%Y+1.40)
DADY¢1105579473/(4.77897369*Y+1.0J**2
; v\ o

MUO:I.O+A+B+C¢D
Dwuov-vov+osov+ucov+coov

My ”Uo+o.oeu¢vuo-vuz)upsx
DMUYl(1oo+0-09*PSlIGDVUOY-D¢QS*PSI*QLUZX
—.OMUBSDMUY#Y.##2
EFs03 208214 (MU=140)=E1
ZEPRIM®0420# (¥li=] 00421 #Di*U)
ZNEWSZ1=EF/EPRIN

_ TF(ARS(2ZMEW=21)=¢00001) 39392

2 zz-zuew
.60 TO 1
CLEANE=1) 69495

4 P181401375#HETA®2]

EI'EI-(OoSO((Pl-P(JHIHAQV))*(V(J.nHAoAPLUS)-V(JWJHAoN))))/(196v.0
1&nozeacx:) _
NE=2
GO TU- 1
5 -E(JMNHAINPLUS)2196040#ROZER(])#E]
PUIMNHA SNPLUS ) 814013754HETARZ]
S248500/(1000sC+21%#82) 4386060 /(7500e0+16e5#21)
THETA (JYNHA ) 8273,2#214%$

200 CSOIJVNHA) B3 ¢ 6O#P (JVILHA 9 PLUS ) #V { JNHA ¢ NPLUS ) /RQZER (L}

RETURN
END




1lst

TR R

T

- 2nd

- 3rd
- Uth
3 - 5th
- 6th
- Tth
- 8th
- 9th
-10th

-11th

-12th

Set of

card

card

card

card

card

card

card

card

card

card

card

IMAX:

AREAL:
RADIU:
XSTOP:
EMFRO:
ZMEXP:
PINIT:
SHIR :
PIN3 :
NZONE(1):
XBARL:
NBARI:
NBARZ2:
NL:
N2

DUo:

SUBROULINE LIRE

This subroutine reads the necessary data to start the program. There are 12
input data cards.

has to be taken as 3 in the present version of
the program; no other choice is possible

area of the barrel in cm?.

radius of the barrel in cm.

length at which the program is to be stopped,
mass of the projectile in g.

mass of explosive in g.

initial pressure of the gas mixture in PSIA
pressure at which the diaphragm bursts in bars.
initial pressure in the barrel in Torr..

number of zones in region I (I = 1 and 2 ).
length of the barrel divided in NBARI zones.
nunber of zones in the first part of the barrel.
number of zones in the remaining part of the barrel.
cycle number of the first output.

cycle interval between two outputs.

if DUO < O, program is to exit after completion,

if DUO > O another run is to be done

sample data,




MAIN PROGRAM

CALL LIRE e
OUTPUT INITIAL CONDITIONS

)
CALL DEPOT

9

4
No— BRAKE > 0 -Yes
803
‘IIOQPLUS (JLAST-T)> SHER Hos

IMAX = 2
BRAKE = 0

801
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A C7 L CE ML el

SUBRQUYINE DEPOT

A TR

The initial conditions for the problem are set up in this subroutine

! CONSTANTS POR
3 THE PROBLEM
* W
, T
Volume of explosive = VEXP x =
CEXP = (RADIU)3- VEXP 3
OUTBD{1) = 3 ~CEXP

KT

7T

L

ol

TR

\

PRSI L i et et

{INITIAL VALUES POR TIME VARIABLE |

TET R T

TR Ty ey

|D0 55 1 =1, IMAX je- -

Y
‘—“"(1=1 and NZONE(1)=0 Y—o5-—{G0 T0 59
5-_.._——-‘

—{ DO 51 J= JMIN,JMAX]

INITIAL VALUES FOR
U ¢, vV, E

LG L RSN ARAD

4

101 - K

T

A [EXPLOSIVE REGION =2 168 A
CONSTANT MASS s 0N G | |- BARREL REGION
ZONES VOLUME MASS| [L o nm ™ (oo CONSTANT MASS ZONES
(RADIUS)3=-CJ (RADIUS)3= CJ VOLUME - MASS
(RADIUS)S = CJ

CAICULATION
OF AREAS

CALL EQST I
CAICULATION OF PRESSURE AND

SPECIFIC ENERGY IN EACH ZON

B Y

CALCULATION OF TOTAL
ENERGY

= N Sttt st etb
L]
LS




SUBROUTINE GUIS

This subroutine calculates new variables for each time step

»{00 245 I = 1, IMAX
JMIN, JMAXje—

CALCULATION OF THE ACCELERATION D
FOR_FACH MASS POINTS \

[CALCULATION OF THE V
196 CALCULATION OF THE POSITION

D0 230 J = JMIN, JMAXje

F
R
e
L}

[ CALCULATION OF AREAS |

ICAICULA%ION OF VOLUMES] A
[CALCULATION OF SPECIFIC VOLUMES]

{CALCULATION OF ARTIFICIAL VISCOSITY PRESSURE]

230 CO J

CALL EQSTI
CALCULATION OF PRESSURES AND

ENERGIES IN EACH ZONES
I

DO 240 J = JMIN, JMAX
i
) CALCULATION OF B + Q AND OF
. THE TIME STEP ALLOWED IN ,
EACH ZONE
o

n
i
(@]

CONTINUE | 2u5

Y
NELUS
X 1agp > XSTOP

No
340
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+ SUBROUTINE LFTOV

é New time steps are determined and total energy is calculated

| &

3 !
CALCULATION OF NEW TIME STEPS
DTMIN(NPLSH) and DTMIN (NN)
# 1
i NP, NPLUS, NFLHA, N, NMNHA, NFL3H
2 for the next cycle
_ 1
1 [CALCULATION OF TOTAL ENERGY]
ﬁ
3
B
327
r‘
) 120 ETURN
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SUBROUTINE SORTI

ORMAT STAT

| WRITE NCYCL, T, DTLAS, ESUM]

L\ Yes
> N

This subroutine provides printed output when print-out cycle is reached.

‘;,’mnv———"‘"' h — -

53 [ - No{ NCYCL > 0 > o 64
e No Yes
Calculation of the masses
of the mass point 81
] Determination of the last zon] 1 the zones in
Skip-one line between eac to be printed he chamber are
region inted
EPUTI Skip one line between
- - each region
> —- OUTFUT

~—— i
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SUBROUTINE EGST1

Equation of state for gus mixture 2H,+ 02(see Sec. 2.3.1)
No Yes
BURNE(I):=0 >
CALCULATION OF Ff;
r F.I;*} < .00 - Fg”} = 0.0
ir Fgﬂ > 1.0 or FN+1~ decreasing - Fgﬂ' 1.0
CALCULATION OF FMIN = mn(FNI Il )l
‘ . J-57] v
“
B
N+1
P 1.0
J-i* Y
[BURNE(I) = 0.0]
3 <
—~{D0 200_JMNHA = JMINT, -JMAXT} o
El{ )
ia

98 |PL = 10.0

N+1

\

> P by 3
FJ-; 1. 04/ . PN i
99 Pl =

< . |

S
'

[ ]

EF = E (P1, VP)

ERRIM =
PNEW =

OE/JP1L
Pl - EF/ERRIM

16

1

+1 R
Eg. 1= E1-3AP.AV
T2

EF' EPRIM

{—N-{ | PNEW-PI1 > 10-% £8 Pl = PNEW

el

-

23

r——“—(im‘aw- Pl [>10-1 y—Yes—

z“*l

PN+1

3-3

OE/dP, OE/OV
V4

CALCULATION OF THE SPEED
OF SOUND
AND OF THE TEMPERATURE

200




SUBROUTINE EQST?2

Equation of state for explosive (sece Sec.2.3.2)

N

No Yes

]

<+ ——< BURNE(I)=0)

Tin N1
: IF ?J-g

Irr

CALCULATION OF F
< 0.001 - ¥V

N+1
-}

ij>l0orPF

N+l

y decreasing —
J-3

4

J-

O -

.o
: PV _

J-%‘ 1-0

—

Y

IEALCULA;TION

OF FMIN = min (¥

N+l
J~- 5

No

N
{r
| |-z

# 1.0

[BURNE (I)= 0.0

(RN <1 Tes

-~

!

104po 200 JMMHA = JMINI, JMAXT]
Y

EI
P1 = P(EI,V)
gt
J-3

ey

1
Py
2

bT——J.
CALCULATION OF SOUND SPEED
AND TEMPERATURE IN EACH
ZONE

i

&>

JMNHA
LOOP
A
RETUR




SUBROUTINE EQST3

Equation of state for air (see Sec. 2.3.3)

N

[DO 200 JMNHA = JMINI, JMAXI}
y
El, 21
HETA
PSI
VA

1

Y = 1.0/21
Y
A, B,C, D

A 9B OC dD
oY ¥ oY oY
X

MUO, OMUO/OY
A MU2, oMU2/dY
MU, OMU/OY, OMU/OZ
¥

A

EF
EFRIM = OFF /0%
L 5

[ZNEW = Z1 - EF/EPRIM)

Yy

2
o aznew - 71 p1o-¥ >—Yes s o7 TR

THETA (J-1)
csQ (J-%)
4

JMNHA "\ _

Y

LOOP J
Y
RETURN




